Underwater Sensor Networks (UWSN) 
INTRODUCTION
Underwater sensor networks (UWSNs) have received much attention recently [1, 2] . Underwater sensors include sensors to measure the quality of water and to study the characteristics of water, such as temperature, density, salinity, acidity, chemical content, conductivity, pH values, oxygen, hydrogen, dissolved methane gas, and turbidity [3] . Many applications have been introduced in UWSNs which require the location information of individual sensor nodes in the water [4] .
Differing from terrestrial wireless sensor networks, underwater sensor networks employ acoustic signals for communication and transmission [5] . Usually, an UWSN consists of a large number of sensor nodes and some sinks or vehicles, which are deployed for monitoring the area of interest. To position all sensors, people typically use Autonomous Underwater Vehicles (AUVs) which can move in underwater environments according to a given set of rules and instructions [6] . Mobile AUVs have been used for underwater localization because their traces are predefined and easily to control [7] . Fixed on the AUV, the acoustic antenna emits beacons to sensor nodes. Directional beacons can transmit by directional antennas [8] .
The acoustic communication of sensor consumes much more energy than radio communication. In previous work, many researchers proposed a number of solutions to locate the position of nodes for terrestrial wireless ad hoc and sensor networks [9, 10, 11] . Unfortunately, those methods can hardly be applied in underwater environments because of the particular characteristics of acoustic signals in seas. For example, the time of flight of signals is significant different. Moreover, the directional properties of acoustic signals also differ from the omni-directional features of radio frequency signals [12] . For localization purposes, although omni-directional signals may provide more extensive coverage, directional approaches have been employed in some special situations [13] .
The energy consumption for localization should be reduced as much as possible. In the mean time, the accuracy also needs to be considered. In this paper, we propose a novel directional beacon based approach called UDB for the underwater localization. First of all, we analyze and discuss the communication model of UWSNs. According to the special environment, we propose 'Silent Localization' concept, which makes all sensor nodes locate their positions by computing geometric distances of passive receiving beacons themselves. A simple directional beacons approach is then introduced. Finally, we propose the universal model for general cases. Our model can work in complicated scenarios. Also, UDB does not require the time synchronization of the whole system.
The contributions in our work are listed as follows. i) To the best of our knowledge, we are the first group to introduce the idea of using directional beacons to help sensors positioning themselves in underwater environments.
ii) The self localization algorithm is proposed. We analyze both special and general cases and the corresponding assumptions.
iii) Simulation results show that our UDB approach works well for the underwater localization.
The rest of this paper is organized as follows. We first give a brief overview of existing localization approaches in Section 2. In Section 3, we introduce the localization model and present the definition of the problem. Our UDB scheme is described in Section 4. We evaluate this novel method based on the simulation results in Section 5. Finally, in Section 6, we conclude the work and give some future directions.
RELATED WORK
In this section, we first summarize some existing work about localization in UWSNs. We then briefly review some typical approaches for position estimation.
The localization problems of terrestrial sensor networks have been intensively studied by researchers based on RSSI, TOA/TDOA, or AOA [14] . Triangulation is a widely used method for location positioning. However, the terrestrial location estimation approaches can hardly be applied in UWSNs because the characteristics of types and propagation models of radio signals are fundamentally different from acoustic signals.
For omni-directional signals, researchers proposed many localization algorithms, which can be classified into two parts: anchor-based and anchor free. In anchor-based algorithms, at least three known position anchors are required [15] . The coordinates of target can be measured by TDOA approach. Using the triangulation method, the relative positions of sensors can be obtained. Nevertheless, anchor based algorithms require sensors to communicate with each other and will cost a lot of energy. Also, the time synchronization of the whole network is necessary [16] . The most serious problem is that the number of anchors is tremendous if the sensor network is immense. The silent positioning scheme was introduced in [17] . Under this scheme, sensors discover their locations by passively receiving beacons. In spite of the proposed UPS (Underwater Positioning Scheme) which can work in some specific scenarios, the assumption that four anchor nodes must cover the entire area is too strong [17] .
In anchor free localization methods, some people suggested to use a node discovery protocol to localize all sensors [18] . However, this approach needs a large amount of message exchanges, which cost a lot of energy. The three dimensional localization is also considered. In a sparse 3D environment, people transform the 3D problem into its counterpart via a projection technique [19] . The Saleh-Valenzuela model was applied during the projection process. The obvious problem of this approach is that the authors assume a 3D position can be directly projected into 2D in an ideal case.
To understand the localization algorithm, we need comprehend the communication model between sensors and the beacons sent by an AUV at first. Currently, AUVs emit omni-directional beacons [20] . When the AUV passes by a sensor node at time t 1 , this node will receive the beacon message which can be used to calculate the distance d 1 between AUV and the node. Similarly, at time t 2 , the distance d 2 can be calculated by TOA method as shown in Fig. 1 . To obtain the coordinate of the node, the coordinates of the AUV at two time instants are required. Based on the simple triangulation approach, the position of the node is decided. There are some pitfalls of this method. The whole network needs time synchronization. Moreover, the route of the AUV is very complicated to ensure that each node can obtain two required beacon messages. Thus, The directional signal may help to locate sensor nodes. In some traditional sensor networks, directional antennas were used for the spatiotemporal cooperation [21, 22] and positioning vehicles [13] . In underwater environments, using directional beacons to help locate positions of sensors is still an open issue.
PROBLEM DEFINATION
In this section we describe the localization model for underwater acoustic sensor networks and the definitions of the problem studied in this paper.
Communication Model
The communication model in underwater scenarios is quite different according to applications. In this paper, we employ the following model, which is constructed according to real situations.
In our model, underwater sensors are randomly deployed on the sea bed or fixed by anchors. It is a common phenomenon that the sensors are static. Without loss of generality, we can use the following models. Each sensor has an omni-directional communication range. Showing in Fig. 2(a) , the sensing range is R s . Thus if an acoustic signal reaches the communication range, it can be detected by the sensor. A directional antenna is used on the mobile AUV. This assumption is natural because the directional antenna can be used. The angle of signal is also controllable. For simplicity, we use two lines to imply the scope of the directional beacons in a 2D plane. Since an AUV also sends beacons with a depth, we consider the shape is a taper. Thus, it will be transformed as a triangle shown in Fig.  2(b) . The radius of beacons is denoted as R α . In Fig. 2 , the AUV emits directional beacons to the region bounded by the angle. We also define the content of each beacon as a triplet, which contains emitting time t, the coordinate (x,y) of the AUV at time t and the angle α of the directional beacon. Each sensor node covered by the scope of beacon will calculate the coordinate by itself according to the receiving triplet.
In terrestrial sensor networks, many localization algorithms are based on RSSI or TOA. Unlike radio propagation, the speed of sound in water is much slower than the speed of radio signal in air. Usually, the propagation delay in underwater is five orders of magnitude higher than the counterpart in terrestrial environments. It means that the TOA approach has better performance in underwater environments. Time differences imply the distance at some degree. Our approach is mainly based on the time difference.
The modeling of acoustic propagation in the sea is a complex work. Some mathematical models that can simulate acoustic propagation, noise and reverberation in the ocean were proposed [5, 23] . To simplify our discussion, we assume the received range of underwater sensors is a disc in 2D, which means that the shape of range is a sphere in 3D.
Silent Localization
Traditionally, AUV-aided localization schemes have three types of messages: wakeup, request and response messages. The positioning process consists of three steps [17] . The AUV sends a wakeup signal while it comes into the sensing area. The sensors then send a request packet when they have received the wakeup massage. The AUV then replies a response packet which contains its coordinate. This process requires each sensor node to communicate with the AUV at least once. Therefore, the extra energy consumption for localization is introduced.
Due to the energy consumption of communications between sensors and the AUV, a better situation is that the sensors only receive beacons without communicating with others during the localization process. We call this type of approach as 'silent localization'. In previous approaches, beacons are exchanged between the sensors and the AUV. Clearly, silent localization can significantly reduce energy consumption.
To support silent localization, we need define the contents of beacons transmitted by the AUV. In our model, a beacon consists of four or five parts depending on the request of the system. Generally, the time stamp information is necessary, which indicates the generation time of a beacon because the AUV will broadcast the beacons continuously (or within a small time interval). In particular, the coordinates of the AUV will be contained in a beacon. This additional information may be used as complementary factors for location estimation. The position of an AUV, however, is not very precise. Although the trace of an AUV is predefined, the real location may have aberrancy compared with the ideal plan. The error is small enough for localization because an AUV can obtain its initial coordinate from GPS when it floats on the surface of sea. After diving into a fixed depth, the AUV moves according to a predefined route navigated by compass. Thus, it can calculate its coordinates with an allowable estimation error [24] . The third part is the angle of the directional beacon, which can be measured before the localization process.
To locate a sensor node, the fourth information we need is the signal strength of acoustic beacons. For each sensor, the received signal strengths of different beacons can be measured. It is an imprecise factor, since the multi-path, fading and absorbing effects of signals are the common phenomenon [1, 2, 25] . Moreover, the speed of an AUV is useful at sometime. We define it as the fifth element of a beacon. The fourth and fifth information are optional.
In our localization approach, each sensor will compute its own position in a relative coordinate system. We can assume the position of a border node or the position of the AUV at a specific time as the origin. The relative coordinates can be transformed into the absolute coordinates based on the absolute coordinate of the AUV.
UDB DESCRIPTION
In the previous section, we defined the problem when an AUV transmits directional beacons to help underwater acoustic sensors locate themselves. To deal with the problem, we propose a novel algorithm UDB. We first discuss the simplest situation first. After that, we extend the discussion to practical underwater networks without some unnecessary assumptions.
Preliminary Solutions
To compute the relative positions of sensors, we begin with proposing a simple solution. Intuitively, we can use a simple triangle model to obtain the location of a sensor.
Specific case: As shown in Figure 3 , the AUV moves and sends beacons. The speed of the AUV is given and it is a stable value. At time t 1 , the AUV emits a beacon. It is detected by the sensor node when the beacon passes by the sensing range. The distances in Figure 3 are expressed by equations listed as follow.
where α is the angle of the directional beacon. S sound is the speed of acoustic beacons. S b is the speed of the AUV. The time instances t 1 and t 2 are the coming and leaving times of the AUV to the sensing range of the sensor node respectively. After obtaining the above information, we consider the small part shown in Fig. 4 . Through computation, we will have the following equations. 
y y = +Δ +Δ
The advantage of the solution in this specific case is removing the assumption that the nearest position is decided by the strongest signal strength of beacons. However, in a specific case, we still need some assumptions, such as the time synchronization and the stable speed of the AUV. Moreover, this simple solution has many pitfalls. For example, the relationship between the RSSI and its distance is not linear. It is difficult to estimate the shortest distance based on the strongest RSSI value alone. This is the most significant disadvantage of the simple solution. The second shortcoming is that if there has the delay at t 2 , the right-angled triangle will be changed. Estimation errors will be introduced to the system.
UDB approach
Through the discussion above, we can easily find out that there are too many assumptions in the preliminary solution. Some of them are impractical in real scenarios. We will discuss the solutions from two aspects: ideal case and general case.
Lemma 1: The entry point and exit point of beacons are the tangent points of the sensing range circle, if the density of beacons is dense enough.
PROOF. We use the reduction to absurdity to prove this lemma. Suppose the entry point is not the tangent point. That means the extending line will intersect with the circle at two points. It is obvious that there may be some other points entering the sensing range before those two points. In the same way, we can prove the exit point also is a tangent point. ■
To eliminate the unnecessary assumptions of the special case, we propose an ideal case, in which the beacon exactly meets the sensor node in tangent direction because of dense beacons.
Ideal case: In Figure 5 , we introduce a new parameter R s , which is the sensing range of the node. The sensing range can be measured before deployment. This new parameter will replace the time information. We rewrite the functions of coordinates. In the ideal case, we assume the two edges of the beacon triangle are the tangent lines. Since beacons not emitted continuously and are emitted in some time intervals, some parts of the sensing area may not be covered. The estimation error will be brought to the system. To measure this error, we propose the general model, in which the edge may not be the tangent lines of the sensing range.
As illustrated in Figure 6 , the real position of a sensor node is expressed as the solid line disc. Two possible positions with biggest error are represented as dashed line discs. We can find that the biggest estimation error can be obtained as follow. This means that when the sensing range R s is small enough, the error of the general case will be small. The ideal case of UDB can work in general case with an acceptable estimation error.
The previous cases are processes where a single node obtains its coordinates. For the whole network, each node need repeat the process. Thus the complexity of the algorithm is O(n), where n is the number of nodes in the whole system.
For the AUV, we need predefine or design the trace. This will introduce the boundary detection problem described below.
Boundary Detection: The complexity of the route of an AUV is determined by the scope of the sensing area. Both the shape and coverage, decided by the boundary of the whole networks, influence the final result. Hence, we need find the boundary before designing the trace of the AUV. There are several ways to decide the boundary. One of them is a rough estimate according to the original deployment of sensors. For example, a ship disseminates sensors to a 0.3km×3km area. The final scope may be bigger than the original acreage. Obviously, this scheme wastes the time and energy of the AUV.
Another way to decide the boundary is based on the flooding results. For example, the hop-count is a unique value implying the distance for each node. Those nodes on the boundary have the largest hopcount number. This is reasonable, because the establishment of networks requires at least one communication. In Figure 7 , the hatched area is the sensing area, which can be covered by a rectangle. Thus, we get the AUV to move according to the bigger scope, for example the length of the rectangle L. We do not intend to get into the details of how to affirm the boundary nodes, because a lot of approaches have been proposed. An optimal design for the AUV is described below. For the inner sensor nodes, they do not need to send any packet to the AUV. Correspondingly, the boundary nodes need to send an alarm packet to the AUV as a reminder. When the AUV receives that packet, it will turn around and starts the new scan.
Optimal Number of Beacons
An AUV emits beacons within a fixed time interval. In this way, the optimization issue may be introduced, because some sensor nodes may not receive the beacon during the localization period if the number of beacons is too small. Thus, their positions will never be known. In an ideal case, those types of sensors are small number, if sensors were distributed uniformly. Nevertheless, in some extreme cases, a lot of nodes are deployed in the space which is not covered. This means that our UDB approach may fail to locate the positions of the sensors.
To leverage our UDB approach, we need to consider an optimization problem about the number of beacons to be emitted. For simple understanding, we use a rectangle to represent the sensing area. The length of the rectangle is L and the width is D. In Figure 8 , the shadow part is the area that beacons can cover twice. We use G p to denote the acreage of this area. Correspondingly, the G m implies the area that beacons cover in one pass.
The minimum number of beacons sent by the AUV can be optimized as follows. We use l to denote the length of the interval between two beacons. 
Our objective is to minimize G m and maximize G p . When l is small, the number of beacons N will increase. The total numbers can be calculated by the following equation. 
PERFORMANCE EVALUATION
In this section, we provide a comprehensive analysis of the performance of our UDB approach in terms of evaluation metrics, such as directional beacon angles, localization accuracy, beacon intervals, number of nodes, and the radius of each node's sensing range. We use the successful ratio to estimate the performance of the approach. The successful ratio e can be expressed as the following equation. where N a is the total number of sensors in the sensing area and N e is the number of sensors by which the computational error exceeds a given threshold T.
We adjust the following parameters to evaluate our UDB approach.
Simulation Setup
We simulate a mobile AUV sending directional beacons in a sensing area. We assume that 200 nodes are randomly deployed in a 300m×3000m area. The nodes are static. We assume that the AUV speed is 1m/s. The interval of beacons varies from 1s to 4s. We set the error threshold T as 10m and the sensing range R s varies from 1m to 1.5m during simulations. The angle of beacons varies from 10°to 90°. At the same time, R a is set at 500m.
Impact of the Directional Beacon Angles
As we discussed in previous sections, the angle of directional beacon is a significant parameter, which influences the performance of our UDB approach. Thus, we try to fix other parameters and evaluate the impact of the angle. Figure 9 illustrates the successful ratio e for different angles. For R s set at 1.5m, we vary the degree of the angle from 10 to 90 by increments of 10. An increase in the degree of the angle results in a higher ratio of the localized nodes. As the degree of the angle reaches 40, the ratio of the localized nodes are above 98%. Before the degree of the angle reaches 40, as shown in Figure 9 , a lower beacon interval results a higher successful ratio. However, when the angle is bigger than a threshold, R α will decrease if the energy of beacons is a constant parameter. Thus, we do not consider the situation with a large angle of beacons.
Impact of Beacon Intervals
In Figure 10 we show the successful ratio of the localized nodes for different beacon intervals. We set R s as 1m. When the beacon intervals are 1s and 2s, the ratios of the localized nodes are all above 98%. However, when the beacon intervals are 3s and 4s, successfully localized nodes decrease sharply. This is because when the beacon interval becomes larger, fewer nodes can receive enough beacons to calculate their positions.
Impact of the Number of Sensor Nodes
Intuitively, the number of sensor nodes is an important factor. The result of our simulations, demonstrated in Fig. 11 , evidences that the successful ration does not changes much when we put more sensors in the sensing area. From a sparse deployment to a dense deployment, we deploy 100 to 200 sensors.
Impact of the Radius of Sensing Range
Finally, we examine the impact of the sensing range of nodes, highlighted in Figure 12 . We vary the sensing range of R s from 1m to 1.5m with increments of 0.1m. We set beacon intervals at 3s. We observe that as R s increases, the ratio of the localized nodes increase. In light of the fact that when R s becomes larger, nodes have more chances to receive beacons. All three degrees of the angle's ratio of localized nodes are above 92% as R s reach 1.5m. It is a sufficient sensing range for nodes to be successfully localized.
CONCLUSIONS
In this paper we addressed the problem of localization for underwater acoustic sensor networks using directional beacons. Compared with the approaches used in terrestrial sensor networks, underwater localization consumes more energy. We presented a novel approach UDB to help the 'silent localization' of acoustic sensors. First, we discussed the communication model of underwater sensors. Based on this model, we proposed solutions for specific and general cases. Boundary and coverage issues were discussed. Finally, we analyze the simulation results and find out that our UDB can provide accurate localization for sensor nodes.
In the future, we will apply UDB to a real test bed, where a directional acoustic antenna is being constructed at Ocean University of China. The three dimensional problem will also be considered because the depth of water is an important parameter for localization. 
